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TO THE EDITOR
To date, a few studies have addressed
the mechanisms underlying the estab-
lishment of new expression profiles of
human cells when they are exposed
to commensal yeasts. In this study, we
provide insights into the Malassezia
furfur–specific innate immune responses
of human keratinocytes via epigenetic
regulation. Malassezia yeasts border
between commensal and pathogen
because of their association with several
dermatologic and systemic diseases in
humans and animals (Schmidt, 1997;
Hort and Mayser, 2011). Keratinocytes
are able to produce via Toll-like
receptors (TLRs) a vast variety of
antimicrobial peptides and cytokines to
generate an efficient innate immune
response (Schauber and Gallo, 2008).
Several studies demonstrated that M.
furfur can stimulate keratinocytes to
produce TLR2 and proinflammatory
(IL-1a, IL-6, IL-8, and tumor necrosis
factor-a) and antimicrobial peptides
such as human b-defensin-2 (HBD-2)
(Baroni et al., 2001; Donnarumma
et al., 2004; Ishibashi et al., 2006).
Because it is now emerging that
microrganisms may induce changes in
epigenetic marks, thus influencing the
gene expression program of host cells
(Hamon and Cossart, 2008; Angrisano
et al., 2010; Pero et al., 2011; Angrisano
et al., 2012), we investigated whether
M. furfur could interfere with the
primary keratinocyte expression
program via epigenetic modifications.
The detailed experimental procedures
used in this study are provided in
Supplementary Text S1 online. Previous
studies demonstrated that in keratino-
cytes M. furfur induces a TLR2-depen-
dent increase in IL-8 expression (Baroni
et al., 2006). We first investigated the
effect of M. furfur infection on IL-8 gene
methylation status. An increase in IL-8
gene expression from 4 to 8 hours after
infection was observed in our study
system (Figure 2), confirming previously
reported data (Baroni et al., 2006). We
then analyzed the methylation state of
4 CpG sites ( 31, þ46, þ125, and
þ 171) surrounding the IL-8 gene
transcription start site (Supplementary
Figure S1A online). We found that all
four sites were fully unmethylated, both
in control and in M. furfur–infected cells
(Supplementary Figure S1B online). Two
additional upstream CpG sites (106
and 116) were reported to be differ-
entially methylated in other study
systems (Andia et al., 2010). Here we
found that both CpG sites were
unmethylated, in control as well as
in M. furfur–infected keratinocytes
(Supplementary Figure S1B online). We
then searched for specific changes in
histone modifications at the IL-8 promo-
ter. We found that after 4 hours of M.
furfur infection, the histone H3 was
highly acetylated compared with unex-
posed cells (Figure 1a). The deacety-
lated state was restored after 24 hours.
No changes in H3 acetylation status
occurred in TLR2-pretreated cells during
M. furfur infection. Next, we found
that the levels of H3K4me2 were low
in control cells, significantly increased
after 4 hours and then decreased
within 24 hours of M. furfur infection
(Figure 1a). Conversely, after 4 hours of
M. furfur infection, H3K9me2 levels
decreased significantly and were then
restored after 24 hours, and a decrease
of H3K27me3 levels after 4 hours was
observed (Figure 1a). Any of the
observed chromatin modification was
prevented by anti-TLR2 antibody. These
data indicate that human keratinocytes
infected with M. furfur undergo specific
TLR2-dependent chromatin changes to
rapidly activate the IL-8 proinflamma-
tory cytokine.
Previous studies showed that M. furfur
induced a TLR2-mediated upregulation
of HBD-2 in human keratinocytes
(Donnarumma et al., 2004), whereas it
did not affect HBD-1 expression. Results
of chromatin analysis showed that
histone H3 was highly acetylated
48 hours after the infection compared
with control cells (Figure 1b). Then, we
found that the levels of H3K4me2 sig-
nificantly increased 48 hours after infec-
tion, whereas the levels of H3K9me2
at the HBD-2 promoter showed a
marked decrease after 48 hours.
These results clearly mark an associa-
tion between HBD-2 expression
changes (Donnarumma et al., 2004
and Figure 2a) and specific chromatin
modifications at its promoter region
upon M. furfur infection. No signifi-
cant changes in H3K27me3 levels
were observed until 48 hours after
infection. Interestingly, all the
described chromatin modifications
were TLR2 dependent (Figure 1b). At
the HBD-1 gene, with the exception of
H3K9me2 levels, all the other ana-
lyzed epigenetic marks, H3K27me3,
H3K4me2, and H3 acetylation, chan-
ged significantly in a TLR2-dependent
manner (Figure 1b) despite the fact that
HBD-1 expression was unchanged
upon infection (Donnarumma et al.,
2004 and Figure 2a). In particular, we
observed that activatory (H3-acetyl
and H3K4me2) and inhibitory epige-
netic marks (H3K27me3) coexisted at
HBD-1 after M. furfur infection, which
may explain the lack of HBD-1
activation.
Because chromatin modifications
may be induced or removed by a
number of enzymes (Black et al.,
2012), we believed that it was
important to determine the balance of
epigenetic ‘‘writers’’ and ‘‘erasers’’ in
order to investigate the mechanisms
underlying the M. furfur–inducedAccepted article preview online 21 March 2013; published online 9 May 2013
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chromatin changes. Thus, we analyzed,
during M. furfur infection, the expres-
sion levels of several histone modifiers
(specifically SET1, SUV39H1, and EZH2
histone methyltransferases, as well as
LSD1, JMJD1A, and JMJD2C histone
demethylases) (Black et al., 2012)
potentially involved in the observed
chromatin changes. We found that the
levels of most of the analyzed modi-
fiers were stable during infection
(Supplementary Figure S2 online). How-
ever, an infection-dependent differential
recruitment of these enzymes at specific
genomic loci, such as IL-8 or HBDs,
cannot be excluded. It is noteworthy
that LSD1 (lysine-specific demethylase
1) levels significantly increased 24 and
48 hours after M. furfur infection (Sup-
plementary Figure S2 online). LSD1 is
known to exert either H3K4 or H3K9
demethylase activity, and it accordingly
acts as a transcriptional inhibitor or
facilitator (Shi et al., 2004; Metzger
et al., 2005). Thus, in our system, epi-
genetic changes potentially associated
with the observed LSD1 increase may
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Figure 1. Malassezia furfur induces histone H3 methylation and acetylation changes at the IL-8, HBD-1, and HBD-2 gene promoter regions. (a) Chromatin
changes at the IL-8 promoter. Chromatin from control keratinocytes (0), keratinocytes infected with M. furfur for 4 and 24 hours, and keratinocytes pretreated with
anti-TLR2 antibody and subsequently infected with M. furfur for 4 hours (TLR2þ 4 hours) were harvested and immunoprecipitated with anti-acetyl-H3, anti-
dimethyl-H3K4, anti-dimethyl-H3K9, and anti-trimethyl-H3K27 antibodies. IL-8 promoter DNA sequences recovered after the indicated treatments were
quantified by real-time PCR using the primers indicated in Supplementary Text S1 online. Each experiment was repeated at least three times, and the data are
presented as percentages of input DNA (mean±SD). *Po0.05. (b) Chromatin changes at HBD-1 (gray bars) and HBD-2 (black bars) promoters. Human
keratinocytes were infected with M. furfur for 4, 24, and 48 hours, and were pretreated with anti-TLR2 antibody and subsequently stimulated with M. furfur for
48 hours (TLR2þ48 hours). Chromatin marks analyzed by chromatin immunoprecipitation (ChIP) experiments are indicated. Each experiment was repeated at
least three times, and the data are presented as percentages of input DNA (mean±SD). *Po0.05. HBD-1, human b-defensin-1; HBD-2, human b-defensin-2; TLR,
Toll-like receptor.
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be the demethylation of H3K4me2 at
IL-8 and of H3K9me2 at HBD-2 genes,
respectively. Indeed, small interfering
RNA experiments (Figure 2) showed that
LSD1 silencing led to attenuation of
both epigenetic changes, with a conse-
quent persistent induction of IL-8
expression and partial loss of HBD-2
activation at 24–48 hours after infection
as compared with nonsilenced infected
control cells (Figure 2). Taken together,
our data suggest a dual role for LSD1
that was activated 24–48 hours after
keratinocytes were infected with M.
furfur. In fact, increased LSD1 levels
may favor H3K4me2 demethylation at
the IL-8 promoter, and consequent
restoration of basal IL-8 levels, although
it may mainly assist H3K9me2 demethy-
lation at the HBD-2 gene, favoring its
activation.
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Figure 2. Modulation of IL-8 and human b-defensin-2 (HBD-2) expression and chromatin state during Malassezia furfur infection upon lysine-specific
demethylase 1 (LSD1) silencing by small interfering RNA (siRNA) experiments. (a) M. furfur infection–dependent IL-8 and HBD-2 gene expression in
keratinocytes subjected (black bars) or not (gray bars) to LSD1 silencing and then exposed to M. furfur for 4, 24, and 48 hours, respectively. Total RNA was
extracted at the indicated time points after infection and analyzed by real-time PCR using specific primers (see Supplementary Text S1 online for detailed
procedures and Supplementary Table S1 online for primer sequences). The IL-8 and HBD-2 and, as a control, LSD1 mRNA levels were normalized to G6PD levels
and expressed relative to control cells (time point 0, gray bar). Data points represent the average of triplicate determinations±SD. *Po0.05. (b) M. furfur infection–
dependent IL-8 and HBD-2 chromatin changes in keratinocytes subjected (black bars) or not (gray bars) to LSD1 silencing. Chromatin marks, analyzed by
chromatin immunoprecipitation (ChIP) experiments, are indicated. Detailed procedures are reported in Supplementary Text S1 online. IL-8 and HBD-2 promoter
DNA sequences recovered after chromatin immunoprecipitations were quantified by real-time PCR using the primers indicated in Supplementary Text S1 online.
Each experiment was repeated at least three times, and the data are presented as percentages of input DNA (mean±SD). *Po0.05.
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TO THE EDITOR
Defects in melanocytes have been
implicated in the etiology of a variety
of human skin diseases and disorders
(Lin and Fisher, 2007; Fistarol and Itin,
2010; Rees, 2011). There is long-stan-
ding interest in studying the develop-
ment and dysfunction of human
melanocytes, but there has not been a
reliable and accessible system to study
early events in human melanocyte
differentiation. An in vitro system that
reliably and efficiently produces normal
human melanocytes from embryonic
stage cells would allow us to better
dissect the physiological and patho-
logical development of melanocytes.
Recent advances in stem cell biology
have led to the establishment of human
induced pluripotent stem cell (hiPSC)
techniques that enable researchers
to reprogram somatic cells to the pluri-
potent state (Takahashi et al., 2007).
Differentiation of human and mouse
pluripotent stem cells (PSCs) toward
the melanocyte lineage has been
reported (Yamane et al., 1999;
Pla et al., 2005; Fang et al., 2006;
Nissan et al., 2011; Ohta et al., 2011;
Yang et al., 2011), but existing protocols
have shortcomings that may limit their
research and clinical applications. For
example, the use of embryonic stem
cells could lead to allogeneic immuno-
incompatibility of differentiated melano-
cytes and transplant recipients. In
addition, the use of hiPSCs generated
by integrative reprogramming strategies
raises concerns about reactivation of
retained transgenes, some of which are
oncogenes. In addition, the current
methods for melanocyte differentiation
from hiPSCs require optimization in
order to reproducibly generate high-
purity melanocytes from multiple hiPSC
lines.
We have established a strategy to
produce human melanocytes in vitro
for use as a platform for pigment cell
research and the development of cell-
based therapies. We first derived trans-
gene-free hiPSCs from two distinct types
of skin cells: human primary melanocytes
(HMs) and human dermal fibroblastsAccepted article preview online 20 March 2013; published online 9 May 2013
Abbreviations: hiPSC, human induced pluripotent stem cell; HM, human primary melanocyte; a-MSH, a-
melanocyte-stimulating hormone; MITF, microphthalmia-associated transcription factor; PSC, pluripotent
stem cell; SNP, single-nucleotide polymorphism
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